
ARTICLE OPEN

Circulating mature dendritic cells homing to the thymus
promote thymic epithelial cells involution via the Jagged1/
Notch3 axis
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Multiple proinflammatory conditions, including chemotherapy, radiotherapy, transplant rejection, and microbial infections, have
been identified to induce involution of the thymus. However, the underlying cellular and molecular mechanisms of these
inflammatory conditions inducing apoptosis of thymic epithelial cells (TECs), the main components of the thymus, remain largely
unknown. In the circulation, mature dendritic cells (mDCs), the predominant initiator of innate and adaptive immune response, can
migrate into the thymus. Herein, we demonstrated that mDCs were able to directly inhibit TECs proliferation and induce their
apoptosis by activating the Jagged1/Notch3 signaling pathway. Intrathymic injection of either mDCs or recombinant mouse
Jagged1-human Fc fusion protein (rmJagged1-hFc) into mice resulted in acute atrophy of the thymus. Furthermore, DAPT, a
γ-secretase inhibitor, reversed the effects induced by mDC or rmJagged1-hFc. These findings suggest that acute or aging-related
thymus degeneration can be induced either by mass migration of circulating mDCs in a short period of time or by a few but
constantly homing mDCs.
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INTRODUCTION
The thymus, as a central immune organ, is mainly responsible for T
lymphocytes production. Unlike other organs that begin to
develop after birth, the thymus begins to degenerate from the
first year of life in humans [1]. Thymic atrophy is caused by
physiological aging, and diseases (pathological conditions) such as
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [2],
severe HIV infection [3], transplant rejection, radiotherapy, and
chemotherapy [4]. The thymic microenvironment is composed of
thymic stromal cells, extracellular matrix, cytokines, peptides, and
hormones [5, 6]. As a predominant component of thymic stromal
cells, thymic epithelial cells (TECs) govern the positive and
negative selection of T cells, and promote the maturation of
T cells. The degeneration of TECs causes alterations in the thymic
microenvironment that result in the dysfunction of T-cell
production, thus reducing their irreversible output, TCR repertoire,
and increasing susceptibility to severe infections such as COVID-19
[7]. Furthermore, TECs degradation can disrupt central T-cell
immune tolerance, cause hyperreactivity to self-antigens, and be
easy to suffer from autoimmune diseases [8]. Thus, elucidating the
mechanisms underlying thymic involution is essential for rever-
sing thymic atrophy, restoring thymic function, and promoting
T-cell development.

Both the increase in sex steroids and the decrease of growth
hormones induce thymic involution with aging [9]. Several
signaling pathways, including Notch signaling [10], Wnt/β-catenin
[11], and bone morphogenetic protein (BMP) signaling [12], are
also involved in thymic development. Notch signaling plays critical
roles in cell development, homeostasis, and disease processes,
such as stem cell renewal, embryonic and organic development,
cardiomyopathy, oncogenesis, etc [13]. In mammals, the Notch
signaling pathway is composed of receptors (Notch1-4), ligands
(DLL1/3/4 and Jagged-1/2), and CSL (CBF1/suppressor of hairless/
lag-1, also known as immunoglobulin kappa J region recombina-
tion signal binding protein 1 (RBP-1/RBP-Jκ)) [14, 15]. Notch
signaling occurs through cell–cell interaction where transmem-
brane ligands present on one cell activate transmembrane
receptors present on another cell. Ligand-mediated Notch
signaling activation induces the proteolytic cleavage of receptors,
resulting in the release of the Notch intracellular domain (NICD).
Subsequently, the NICD translocates into the nucleus, forms a
complex with the DNA-binding protein CSL and the coactivator
mastermind, and then initiates the transcription of target genes
[13, 14, 16].
Previous studies showed that the Notch signaling is essential for

maintaining thymic epithelial progenitor cells and medullary
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epithelial cells in fetal thymic development [10]. Mice carrying
mutations in Jagged2, one of the ligands of Notch receptors,
exhibited impaired thymic development and morphology [17]. In
contrast, Beverly et al. reported that the overexpression of
Jagged1 induced the apoptosis of TECs in T-lymphocyte
Jagged1-transgenic mice [18]. Histone deacetylase 3-mediated
repression of Notch signaling is critical for medullary thymic
epithelial cells (mTECs) development [19]. TEC-specific over-
expression of Notch1 reduced the populations of total TECs and
mTECs, suggesting that Notch signaling promotes the degenera-
tion of the mTEC lineage [19]. Taken together, these findings
indicate that Notch signaling plays complex roles in thymic
development and degeneration. However, its underlying mechan-
isms remain unclear.
Dendritic cells (DCs) are critical antigen-presenting cells.

Exposed to dangerous signals, the tissue-resident DCs upregulate
the expression of costimulatory molecules, migrate into local
lymph nodes, and induce the proliferation and differentiation of
naïve T cells into effector T cells [20–22]. In addition, by increasing
the expression of costimulatory molecules, DCs induce regulatory
T cells (Tregs) expansion and suppress Th2 response through
Jagged1 expression [23, 24]. Furthermore, natural killer (NK) cells
are activated by DCs through the Jagged2-Notch interaction [25].
These results suggest that the Notch signaling is critical in
mediating the interactions between DCs and other immune cells.
Additionally, peripheral DCs can migrate into the thymus and
deplete thymocytes [26]. Hence, in this study, we examined
whether circulating DCs migrated into the thymus and induced
the degeneration of TECs via Notch signaling.

RESULTS
Mature DCs migrate into the thymus
Upon interactions with pathogens or their products (e.g., LPS),
circulating and tissue-resident DCs were activated and underwent
maturation processes [22]. To examine whether mature DCs
(mDCs) were able to return to the thymus, we isolated bone
marrow-derived mononuclear cells from GFP-transgenic (EGFPTg/+)
mice to generate bone marrow-derived DCs (BMDCs) in the
presence of granulocyte-macrophage colony-stimulating factor
(GM-CSF) plus interleukin (IL)-4 in vitro (Fig. 1A). The results
revealed that the expression levels of costimulatory molecules,

including CD80, CD86, and MHC II, evaluated by flow cytometry
(FCM), were upregulated on BMDCs after LPS treatment (Fig. 1B).
Subsequently, the mDCs were harvested and injected into wild-
type mice via the lateral tail vein (Fig. 1C). The thymuses of the
recipient mice were isolated 3 days later and GFP + cells were
detected by FCM. Almost all GFP+ cells were CD11c positive
(Fig. 1D). These results indicated that circulating mDCs were able to
migrate into the thymus.

Mature DCs promoted cell apoptosis and inhibited TECs
proliferation through cell–cell contact
To examine the effects of homing DCs on TECs, we cocultured the
thymic epithelial cell line mTEC1 with immature BMDCs
(imBMDCs) or mature BMDCs (mBMDCs). Compared to the control
group, both imBMDCs and mBMDCs induced the apoptosis of
mTEC1 cells, whereas mBMDCs showed a stronger effect than
imBMDCs (Fig. 2A, B). The EdU incorporation assay demonstrated
that both imBMDCs and mBMDCs were able to inhibit the
proliferation of mTEC1 cells, while the inhibiting ability of
mBMDCs was more effective than that of imBMDCs (Fig. 2C, D).
Furthermore, we performed a transwell coculture assay to
investigate how BMDCs affect mTEC1 cells (Fig. 2E). The ratio of
apoptosis and proliferation of mTEC1 cells had no significant
changes in the transwell system (Fig. 2F–I). These results imply
that mDCs/mTEC1 physical cell–cell contact is essential for DC-
mediated involution of mTEC1 cells.

Jagged1 was highly expressed in mDCs, while Notch3 was
predominantly present in mTECs
Previous studies have shown that overexpression of Jagged1 on
thymocytes can induce apoptosis of thymic stromal epithelial
cells in T-lymphocyte Jagged1-transgenic mice, leading to
thymic atrophy [18]. Thus, we would like to know whether the
mBMDCs expressed a higher level of Jagged1 compared with
imBMDCs. We treated imBMDCs with different concentrations
and durations of LPS and found that the expression of Jagged1
present on the surface of BMDCs was upregulated after LPS
stimulation in a dose- and time-dependent manner. The highest
level of Jagged1 expression was observed after stimulation
with 100 ng/ml LPS for 6 h (Fig. 3A, B). In addition, we also
demonstrated that Notch3 was mainly expressed in the
medullary region of the thymus and its level decreased during

Fig. 1 Mature DCs could return to the thymus. A Bone marrow cells were isolated and cultured with GM-CSF (10 ng/ml) plus IL-4 (1 ng/ml)
for 7 days. On day 7, imBMDCs were harvested and incubated with LPS (1 μg/ml). Subsequently, the cells were collected and stained with anti-
CD11c and anti-CD11b antibodies. The expressions of CD11c and CD11b in BMDCs were assessed by FCM. B BMDCs were stained with anti-
CD11c, anti-CD11b, anti-CD80, anti-CD86, and anti-MHC II antibodies. The expressions of CD80, CD86, and MHC II in CD11c+ CD11b+ cells
were verified by FCM. C The carton showed that GFP+ mBMDCs (1.0 × 107) were injected into wild-type mice via the caudal vein. D CD11c+

GFP+ cells from the thymus of recipients were analyzed by FCM. All data are from three independent experiments. Representative figures of
these three experiments are shown.
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the aging process (Fig. 3C). Moreover, Notch3 expression was
noted in mTEC1 cells (Fig. 3D). Thus, mDCs expressed Jagged1,
the Notch ligand, and mTECs expressed Notch3, the Notch
receptor. These results suggest that mDCs might promote
thymus degeneration through the Notch signaling.

MDCs induced apoptosis and inhibited proliferation of
mTEC1 cells by activating Notch signaling
To determine whether Notch signaling played a critical role in
thymic involution, mTEC1 cells were boosted with coating
rmJagged1-hFc to activate Notch signaling. The results declared
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that Jagged1 protein accelerated the apoptosis of mTEC1 cells
(Fig. 4A). Next, we cocultured a Jagged1 stably transfected
fibroblast cell line (J cells) with mTEC1 cells and used a fibroblast
cell line without Jagged1 expression (L cells) as a control. We
found that the percentage of apoptotic mTEC1 cells increased
after cocultured with J cells (Fig. 4B). Meanwhile, Jagged1 protein
suppressed the growth of mTEC1 cells (Fig. 4C, D). Next, we used
DAPT, an inhibitor of γ-secretase, to block the signal transduction
of the Notch signaling. As we expected, DAPT reversed the cell
apoptosis and the inhibition of cell proliferation induced by
rmJagged1-hFc (Fig. 4E–G). All these findings suggested that
activated Notch signaling resulted in the apoptosis and growth
inhibition of mTEC1 cells. To further validate if mDCs affect
mTEC1 cells through Notch signaling, we added DAPT to the
mTEC1/J cell coculture system. Our results showed that DAPT
reversed the apoptosis of mTEC1 cells induced by J cells (Fig. 4H).
In addition, DAPT also attenuated the apoptosis and proliferative
inhibition of mTEC1 cells induced by BMDCs (Fig. 4I–K). Hence,
these results illustrated that mDCs induced apoptosis and
inhibited proliferation of mTEC1 cells via activating the Notch
signaling.

Intrathymic injection of mature DCs led to acute thymic
atrophy
As shown above, the circulating mDCs were able to migrate into
the thymus. However, the number of homing DCs was consider-
ably a few. Moreover, it was difficult to evaluate or observe the
effect of homing mDCs on the thymus in a short period time. Thus,
to investigate the effect of mDCs on TECs, the mDCs were
intrathymically injected into 6–8-week-aged mice. After 3 days, we
observed that the thymic size of the recipient mice was smaller
than that of control mice injected with PBS (Fig. 5A). Additionally,
we noted that the number of thymocytes decreased significantly
in the process (Fig. 5B). The percentage of CD4 + CD8 +DP
thymocytes was decreased. However, those of CD4− CD8− DN,
CD4+ SP, and CD8+ SP thymocytes were increased (Fig. 5C, D). In
contrast, we found a substantial decrease in the absolute numbers
of all thymocyte subpopulations (Fig. 5D). Similar to thymocytes,
the percentage of CD45− EpCAM+ TECs was increased (Fig. 5E, F).
Whereas, the absolute numbers of TECs were decreased in mDC-
treated mice (Fig. 5F). Taken together, these data imply that it is a
constant but slowly cumulative process for mDC-induced atrophy
of the thymus.

Intrathymic injection of rmJagged1-hFc led to acute atrophy
of the thymus
To demonstrate if activated Notch signaling contributed to thymic
atrophy, we intrathymically injected the rmJagged1-hFc protein
into 6–8-week-aged mice. The thymus was considerably smaller in
the treatment group than in the control group after injection
(Fig. 6A). We also noted a substantial decrease in total thymocytes
numbers (Fig. 6B). The percentages of CD4− CD8− DN, CD4+ SP,
and CD8+ SP thymocytes were increased, while that of CD4+

CD8+ DP thymocytes was decreased (Fig. 6C, D). The absolute
numbers of DP thymocytes were largely decreased. There were no
significant differences in the percentage and absolute numbers of
DN and SP thymocytes in the rmJagged1-hFc treatment group
compared with the control groups. However, the trend of absolute
numbers of DN and SP thymocytes was decreased (Fig. 6D).
Except for the decrease in thymocytes, the percentage of CD45−

EpCAM+TECs was increased (Fig. 6E, F), whereas the absolute
numbers of TECs were decreased in the rmJagged1-hFc-treated
mice (Fig. 6F). Thus, these findings indicate that Jagged1 can lead
to the degeneration of the thymus.

DISCUSSION
The thymus is the central immune organ of the body and critical
for T-cell differentiation and development. Many different cell
types including thymocytes and thymic stromal cells such as TECs,
resident macrophages, and DCs are present in the thymus. As the
most crucial stromal cells in the thymus, TECs consist of the cortex
and medulla TECs and control the positive and negative selection
of T cells [27]. In 1985, Steinmann reported that the volumes of the
thymic epithelium (cortex and medulla) show a continuous
involution from the first year to the end of life [1]. During thymus
degeneration, TECs are replaced by fibrocytes and adipocytes.
Decreased thymopoiesis leads to a decreased output of naïve
T cells with reduced TCR repertoire and diversity. In addition, the
number of naïve T cells in peripheral blood decreases gradually.
This process might weaken the protective immune response
against pathogens, thus increasing susceptibility to microorgan-
isms such as SARS-CoV-2 [7], and leading to a high incidence of
autoimmune disorders in older individuals due to the impairment
of negative selection [8].
The increasing evidence demonstrated that peripheral DCs can

migrate into the thymus. Li et al. reported that two of the three
major subsets of thymic DCs originate extrathymically and
continually migrate to the thymus [28]. It has been demonstrated
that BM‐derived antigen-presenting cells (APCs) carrying antigens
from the periphery migrate into the thymus and delete
autoreactive cells [29]. Roberto and his colleagues also reported
that the homing of peripheral DCs to the thymus resulted in the
clonal deletion of thymocytes [26]. Similarly, the CD8loSirpα+ DCs
migrated from the periphery to the thymus and induced T-cell
development and differentiation [30]. These findings further
declared that circulating DCs migrated into the thymus and
interacted with thymocytes. In this study, mDCs, generated from
the GM-CSF and IL-4 induced bone marrow cells of EGFPTg/+ mice,
were intravenously injected into wild-type mice. Three days later,
GFP+ CD11c+ cells were detected in the thymus of the recipient
mice via FCM assay (Fig. 1). This result revealed that the mDCs
were indeed able to return to the thymus. Homing DCs have been
mainly reported to deplete thymocytes and induce tolerance.
However, mTECs play a crucial role in inducing immune tolerance.
Thus, we evaluated whether the mDCs homing into the thymus

Fig. 2 DCs induced the apoptosis and inhibited the proliferation of mTEC1 cells through direct cell–cell contact. A mTEC1 cells were
cocultured with imBMDCs or mBMDCs at a 1:3 ratio for 48 h, and cell apoptosis was examined through Annexin V/PI staining with FCM.
mTEC1 cells alone were set as the control group. B The percentages of apoptotic cells in different groups were determined according to panel
A. C mTEC1 cells were cocultured with imBMDCs or mBMDCs at a 1:3 ratio for 48 h, and cell proliferation was examined using an EdU
incorporation assay. Red fluorescent dots indicate proliferating cells. Scale bars represent 100 µm. D The percentages of red fluorescent dots in
all cells were calculated according to panel C. E Sketch map of the transwell system. mBMDCs were seeded in the upper well, and mTEC1 cells
were seeded at the bottom chamber under the membrane. FmTEC1 cells were cocultured with imBMDCs or mBMDCs in the transwell system
for 48 h. Cell apoptosis was examined through Annexin V/PI staining by FCM assay. G The percentages of apoptotic cells in different groups
were examined according to panel F. H mTEC1 cells and imBMDCs or mBMDCs were cocultured in the transwell system for 48 h. Cell
proliferation was examined by using an EdU incorporation assay. Red fluorescent dots represent proliferating cells. Scale bars represent
200 µm. I The percentages of red fluorescent dots in all cells were computed according to panel H. All data are from three independent
experiments. Representative figures of these three experiments are shown. Data are represented as the mean ± SD. *P < 0.05, **P < 0.01,
compared with the control group.
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led to TECs depletion. We cocultured mDCs with mTEC1 cells and
found that the mDCs induced the apoptosis and inhibited the
proliferation of mTEC1 cells. These effects were only achieved via
direct cell–cell contact between mDCs and mTEC1 cells (Fig. 2).
Furthermore, we observed that an intrathymic injection of the
mDCs resulted in acute thymic atrophy and reduced thymocytes
and TECs substantially in vivo (Fig. 5). All these evidences
demonstrated that circulating mDCs migrated into the thymus
and induced the degeneration of the thymus.
Decreased expression of growth hormones and increased

expression of sex hormones contribute to the degeneration of
the thymus [31]. The involution process can be reversed after
treatment with cytokines or other reagents such as keratinocyte
growth factor [32, 33], IL-7 supplements [34, 35], or sex steroid
ablation therapy [36], which can promote regeneration of TECs
and restore the diversity of the peripheral TCR repertoire.
However, the exact mechanisms underlying thymus degeneration
and reconstitution remain poorly understood.
Notch signaling plays crucial roles in the development of the

thymus and the differentiation of T cells. In addition, Notch
signaling induces TECs development at an early phase of thymic
organogenesis through the interaction between thymocytes and
TECs [37]. It has been reported that mice, lacking the Notch ligand
Jagged2, exhibited decreased medullary areas [17]. Deleting
Notch1 in TECs resulted in the depletion of mTEC progenitors
and substantially reduced the development of mTECs during fetal

stages. In contrast, forced Notch signaling activation in all TECs
resulted in the extensive expression of mTEC progenitor markers
but profound defects in TECs differentiation [38]. Similarly, loss of
Notch signaling functions resulted in mTECs hypoplasia. However,
the maturation of TEC progenitors whose Notch signaling was
defected would be inhibited after Notch signaling function was
restored [10]. Goldfarb et al. confirmed that decreasing Notch
signaling was required in the later stages of mTECs differentiation.
TEC-specific overexpression of Notch1 reduced the populations of
total TECs and mTECs [19]. Taken together, these findings
demonstrated that the higher level of the Notch signaling is
required in the early stages of thymus development, but a lower
level of the Notch signaling is necessary for the homeostasis of
TECs in the later stages. It was also proved that the mRNA
expression of Notch3 was considerably higher in cTECs at later
stages [39]. However, when examining the expression pattern of
Notch proteins in the thymus, we found that the Notch3 protein
was majorly expressed in mTECs, whereas Notch1 was primarily
expressed in cTECs, and the expression levels in both cell types
were decreased with aging (Fig. 3 and S1). These findings implied
that Notch1 and Notch3 signaling contribute to the involution of
cTECs and mTECs and also indicated that the Notch signaling is
necessary for the initial development of the thymus. However,
lower Notch signaling might maintain the stability and cellular
homeostasis of TECs. To address these hypotheses, we used
rmJagged1-hFc and DAPT as the Notch signaling activator and

Fig. 3 Mature BMDCs expressed a high level of Jagged1, whereas mTECs expressed Notch3. A BMDCs were stained with the anti-Jagged1
antibody. The expression level of Jagged1 in BMDCs was examined using FCM after stimulation with different concentrations of LPS for 6 h.
B The expression level of Jagged1 in BMDCs after stimulation with LPS (100 ng/ml) for different durations was detected using FCM.
C Representative images of the expression of Notch3 (green fluorescence) and cytokeratin 8 (K8, a cTEC marker, red fluorescence) in the
thymus from different aged mice (2–3 weeks old, 6–8 weeks old, and 10 months old, respectively) were captured by immunofluorescence
microcopy. Paraffin sections of the thymus obtained from different aged mice were stained with primary rabbit anti-Notch3 and rat anti-
cytokeratin 8 antibodies, followed by secondary Alexa Fluor 488-labeled goat anti-rabbit and Alexa Fluor 555-labeled goat anti-rat antibodies,
respectively. Finally, the sections were stained with DAPI. Scale bars represent 200 µm. D mTEC1 cells were stained with PE-conjugated anti-
Notch3 antibody. The expression of Notch3 in mTEC1 cells was detected by FCM. All data are from three independent experiments.
Representative figures of these three experiments are displayed.
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inhibitor, respectively, and incubated them with mDCs and
mTEC1 cells. The results demonstrated that rmJagged1-hFc
promoted cell apoptosis and inhibited cell proliferation of
mTEC1 cells, and DAPT reversed these processes (Fig. 4). In
addition, transfected with NICD3 to activate Notch signaling, the
cell proliferation of mTEC1 was decreased (Fig. S2). Furthermore,
the thymus developed acute atrophy after the intrathymic
injection of rmJagged1-hFc, which was evidenced by the
decreased numbers of thymocytes and TECs (Fig. 6).
Because Notch signaling activation requires receptor/ligand

interactions, the expression of Notch ligands in the thymus is
equally vital. The expression of the Notch ligand Jagged2 was

steady during thymus development, while Jagged1 decreased
from the embryonic to postnatal stages [40]. In addition,
overexpression of Jagged1 on T cells could induce the apoptosis
of TECs, resulting in thymic atrophy [18]. These findings suggested
that the depressed expression of Jagged1 would contribute to the
homeostasis of the thymus. Many investigations have elucidated
that Jagged1, Jagged2, and DLL4 are expressed in DCs and that
their expression levels are upregulated following the maturation
of DCs induced by LPS stimulation [41–43]. We also observed that
the expression of Jagged1 was increased in the mDCs after LPS
stimulation (Fig. 3). This increased Jagged1 promoted the
apoptosis and growth inhibition of TECs when they were

Fig. 4 Mature DCs promoted the apoptosis and inhibited the proliferation of mTEC1 cells by activating Notch signaling. A rmJagged1-hFc
was precoated on a 24-well plate at 4 °C for 12 h. BSA precoated at the same concentration was used as the control. mTEC1 cells were seeded
at a density of 6 × 104 cells per well. Cell apoptosis was examined through staining with Annexin V/PI. B L and J cells were pre-stained with
CFSE. mTEC1 cells were then cocultured with L or J cells at a 1:3 ratio for 48 h. The apoptosis of mTEC1 cells was examined through staining
with Annexin V-APC/7-AAD. C The different concentrations of rmJagged1-hFc were precoated on 96-well plates at 4 °C for 12 h. The same
concentration of BSA was set as the control group. mTEC1 cells were seeded at a density of 5 × 103 cells per well. Cell proliferation was
examined using an EdU incorporation assay after 48 h. The red fluorescent dots indicate proliferating cells. Scale bars represent 200 µm. D The
percentages of red fluorescent dots in all cells were calculated according to panel C. E Experiments were performed as described in A.
mTEC1 cells were treated with or without DAPT (10 μM). Cell apoptosis was analyzed through Annexin V/PI staining. F Experiments were
performed as described in C. Proliferation was detected by performing an EdU incorporation assay. mTEC1 cells were incubated with or
without DAPT (10 μM). Red fluorescent dots indicate proliferating cells. Scale bars represent 200 µm. G The percentages of red fluorescent dots
in all cells were calculated according to panel F. H Experiments were performed as described in B. mTEC1 cells were treated with or without
DAPT (10 μM). I Experiments were performed as shown in Fig. 2A. mTEC1 cells were cultured with or without DAPT (10 μM). J Experiments
were performed as shown in Fig. 2C. mTEC1 cells were treated with or without DAPT (10 μM). Scale bars represent 200 µm. K The percentages
of red fluorescent dots in all cells were calculated according to panel J. All data are from three independent experiments. Representative
figures of these three experiments are shown. Data are expressed as the mean ± SD. **P < 0.01, ***P < 0.001 compared with the control group.
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cocultured with mDCs. In addition, DAPT, a γ-secretase inhibitor,
attenuated these effects (Fig. 4).
Overall, the findings of this study improve our understanding of

the mechanisms underlying thymus degeneration. During infec-
tion, activated DCs are mature, and migrate into different lymph
nodes through afferent lymphatic vessels [44]. DCs, residing in
tissues, can reach the periphery and carry antigens to secondary
lymphoid organs through blood [45]. A small number of
circulating DCs, capturing pathogens, can migrate into thymus
[46]. Although the number of thymic homing DCs is relatively
small, given numerous mild or severe infections throughout our
lifetime, the cumulative effects may contribute to age-related
thymus degeneration. In summary, our results provided evidence
that circulating mDCs return to the thymus and interact directly
with TECs to activate Notch signaling through the Jagged1/
Notch3 axis (Fig. 7). Long-term Notch signaling activation of TECs
results in their apoptosis and growth inhibition, thus leading to
the degeneration of the thymus. These results also provide
insights into the mechanisms underlying age-related thymic
atrophy or infection, organ transplant rejection, and other diseases
related acute thymic atrophy and help to develop novel strategies
in clinical thymus and T-cell reconstruction.

MATERIALS AND METHODS
Animals
Male C57BL/6 (B6; H-2b) mice aged 2–3 weeks, 6–8 weeks, and 10 months
were purchased from the Institute of Comparative Medicine, Yangzhou
University (Yangzhou, P. R. China). EGFPTg/+ mice were kindly donated by
Dr. Xia Sheng (Department of Immunology, School of Medicine, Jiangsu
University, Zhenjiang, Jiangsu, P. R. China).

Cell lines and cell culture
mTEC1 cells were a kind gift from Prof. Weifeng Chen (Department of
Immunology, Peking University Health Science Center, Beijing, P. R. China)
[47]. L cells (a fibroblast cell line without Jagged1 expression) and J cells (a
fibroblast cell line stably transfected with Jagged1) were provided by Dr.
Xiaojie Zhang (Department of Neurology, University of Michigan, Ann
Arbor, Michigan, USA). All cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco, Thermo Fisher Scientific Shanghai
Instruments Co. Ltd.) supplemented with 10% fetal bovine serum (Gibco),
100 U/ml penicillin, and 100mg/ml streptomycin at 37 °C in a humidified
atmosphere with 5% CO2.

Reagents and antibodies
Recombinant murine GM-CSF and IL-4 were purchased from PeproTech
China (#315–03, #214–14, Jiangsu, China). LPS was purchased from Sigma
Aldrich, Merck Life Science (Cat#L2880, Shanghai, China). The following
antibodies were used in FCM: CFSE (Cat#65-0850-84) anti-CD11c-cy5.5
(Cat#35-0114-82), anti-CD11b-APC (Cat#17-0112-82), anti-CD80-PE (Cat#12-
0801-82), anti-CD86-PE (Cat#12-0862-82), anti-MHC Class II-FITC (Cat#11-
5321-82) and anti-MoCD339-PE (Jagged1; Cat#12-3391-80, 1.25 μg/ml)
were purchased from eBioscience, Thermo Fisher Scientific Shanghai
Instruments Co. Ltd. (Shanghai, China). Anti-CD4-PE (Cat#100408), anti-
CD8-APC (Cat#100712), anti-mouse Notch3-PE (Cat#130507), anti-mouse
CD326-APC (Ep-CAM; Cat#118214), anti-mouse CD45-Alexa Fluor 488
(Cat#103122), and the APC Annexin V apoptosis detection kit with
7-AAD (Cat#640930) were purchased from Biolegend (CA, USA). The
Annexin V-FITC/PI apoptosis detection kit was purchased from Multi-
sciences (Lianke) Biotech Co., Ltd. (#70-AP101-100, Zhejiang, China). The
recombinant mouse Jagged1-human Fc fusion protein (rmJagged1-hFc)
was procured from Chimerigen Laboratories (Cat#CHI-MF-111JAG1, MA,
USA). The following antibodies and reagents were used in the immuno-
fluorescence assay: Hoechst 33258 staining dye solution (Cat#ab228550)
and anti-Notch3 (Cat#ab23426) were purchased from Abcam Trading

Fig. 5 Intrathymic injection of mature DCs led to acute thymic atrophy. For A to F: Thymic atrophy following the intrathymic injection of
mDCs (n= 3). The same volume of PBS was used as a control (n= 3). A Thymus morphology and size. B Total numbers of thymocytes were
calculated. C Thymocytes were stained with PE-conjugated anti-CD4 and APC-labeled anti-CD8 antibodies. The thymocyte subpopulations
were examined by FCM. D The percentages and absolute numbers of indicated thymocyte subpopulations were calculated. E The cells
isolated from the thymus of recipient mice were stained with Alexa Fluor 488-conjugated anti-CD45 and APC-labeled anti-EpCAM antibodies,
respectively. CD45-EpCAM+ TECs were detected by FCM. F The percentages and absolute numbers of CD45-EpCAM+ TECs were calculated. All
data are from three independent experiments. Representative figures of these three experiments are shown. Data are expressed as the mean
± SD. *P < 0.05, ***P < 0.001 compared with the control group.
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(Shanghai) Co. Ltd., Shanghai, China. In addition, we used DAPI (Cat#
28718-90-3, Cayman Chemical Co. Michigan, USA), anti-cytokeratin 8
(AB_531826, Developmental Studies Hybridoma Bank [DSHB], Iowa, USA),
Alexa Fluor 488-labeled goat anti-rabbit IgG (H+ L) (Cat# A0423, Shanghai
Beyotime Biotechnology Co., Ltd., Shanghai, China), and Alexa Fluor 555
conjugated anti-rat IgG (H+ L; Cat#4417, Cell Signaling Technology, Inc.
MA, USA). DAPT was purchased from Selleck Chemicals (Cat#208255-80-5,
TX, USA). The Cell-Light EdU Apollo567 in vitro kit was purchased from
Guangzhou RiboBio Co., Ltd. (Cat# C10310-1, Guangzhou, China).

Generation of BM-derived DCs
BMDCs were generated as described previously [48]. In brief, C57BL/6 bone
marrow cells were isolated and cultured for 7 days in DMEM supplemented
with 10% fetal bovine serum, GM-CSF (10 ng/ml), and IL-4 (1 ng/ml). Every
2 days, half of supernatant was replaced with fresh medium containing
cytokines. On day 7, the suspended and aggregated cells were harvested.
LPS (1 μg/ml) was added to promote BMDCs maturation.

Flow cytometry analysis
All cells were harvested and incubated with rat serum to block Fc
receptors. Subsequently, the cells were incubated with appropriate
fluorescein‐conjugated antibodies for 30min at 4 °C. After the cells were
washed with precooled 1× phosphate-buffered saline (PBS), they were
analyzed cells by using a CytoFLEX flow cytometer (Beckman Coulter, Inc.
CA, USA). All FCM data were analyzed using FlowJo10.0 software.

Cell coculture and transwell assay
The mTEC1 cells were seeded in a 24-well plate at a density of 2 × 104 cells/
well. After 6 h, imBMDCs or mBMDCs were added into the same wells at
8 × 104 cells per well. The cells were continuously incubated for another
48 h. Subsequently, we examined all the cells through FCM or by
performing a proliferation assay.

During the transwell assay, BMDCs were seeded in the upper layer of cell
culture inserted with a permeable membrane at 3.2 × 105 cells per well,
and mTEC1 cells were placed in the bottom chamber under the membrane
at 0.8 × 105 cells per well. After incubation for 48 h, mTEC1 cells were
harvested and stained for FCM analysis or proliferation assay.

Cell apoptosis assay
Apoptosis was detected through staining with an Annexin V/PI apoptosis
kit according to the manufacturer’s protocol. In brief, mTEC1 cells were
collected and resuspended in 500 μl of binding buffer and incubated with
5 μl of Annexin V and 5 μl of PI or 7-AAD for 15min at room temperature
away from light. Apoptotic cells were analyzed by FCM.

Cell proliferation assay
The proliferation of mTEC1 cells was examined by performing an EdU
incorporation assay according to the manufacturer’s protocol. In brief,
mTEC1 cells were seeded in a 24-well plate at a density of 2 × 104 cells per
well. After stimulation, EdU was added into the medium for 2 h. Then, 4%
formaldehyde in PBS was used to fix cells for 30min. Subsequently, 2 mg/
ml glycine was used to stop fixation for 5 min. After washed with PBS, the
cells were added Apollo staining buffer and incubated for 5 min. Finally,
Hoechst 33258 was used to stain the cell nucleus. After washing with PBS,
we scanned the stained cells under a fluorescence microscope. All steps
were performed in dark.

Intrathymic injection
Intrathymic injection was administered as described previously [49].
C57BL/6 mice were anesthetized with 50mg/kg pentobarbital sodium
through intraperitoneal injection and immobilized in supine recumbency
on a surgical board. The chest skin was sheared and disinfected with
povidone-iodine (PVP-I) solution. Subsequently, the skin between the
lower neck and the upper thoracic region was cut along the sternum, and

Fig. 6 Intrathymic injection of Jagged1 led to thymic atrophy. For A to F: Thymic atrophy after intrathymic injection of rmJagged1-hFc (n=
3). The same volume of PBS was used as a control (n= 3). A Thymus morphology and size. B Total numbers of thymocytes were calculated.
C Thymocytes were stained with PE-conjugated anti-CD4 and APC-labeled anti-CD8 antibodies. The thymocyte subpopulations were analyzed
by FCM. D The percentages and absolute numbers of the indicated thymocyte populations were calculated. E The cells isolated from the
thymus of recipient mice were stained with Alexa Fluor 488-conjugated anti-CD45 and APC-labeled anti-EpCAM antibodies, respectively.
CD45-EpCAM+ TECs were evaluated by FCM. F The percentages and absolute numbers of CD45-EpCAM+ cells were calculated. All data are
from three independent experiments. Representative figures of these three experiments are shown. Data are represented as the mean ± SD.
*P < 0.05, ***P < 0.001 compared with the control group.
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the chest wall was exposed. The upper one-third of the sternum was
bisected to reveal the thymus. Each thymic lobe was injected with 10 μl of
PBS containing 1.5 μg of mJagged1-hFc protein or 1 × 106 BMDCs by using
a 25-μl cuspidal Hamilton’s life science syringe. The thymic lobes of mice
received the same volume of PBS as the control. The needle was
withdrawn, and the skin and chest wall were closed with wound clips.

Statistical analysis
Experimental data are presented as the mean ± standard error of the mean
(all experiments were performed in triplicate). Statistical comparisons were
performed using unpaired Student’s t test for two groups or analysis of
variance for multiple groups. “*” represents P < 0.05, “**” represents P <
0.01, and “***” represents P < 0.001. All these values were deemed to
indicate statistical significance, and ns indicates no significance. The
figures are representative of three independent experiments.
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